Introduction
[2] The distribution of salt in the world oceans is important in understanding the role of the ocean in the global climate and is useful for studying the transportation of heat and other substances, such as tritium ( 3 H), 3 He [Khatiwala et al., 2001] , chlorofluorocarbons (CFC's) [Beining and Roether, 1996] , and pollutants. The salinity is further of thermodynamic importance because it plays an important role in the formation of the barrier layer in the western tropical Pacific [Lukas and Lindstrom, 1991; Vialard and Delecluse, 1998 ] and western Atlantic [Pailler et al., 1999] . Recent studies also show that the salinity variability is important for the formation and development of the subsurface warm water in the coastal oceans [Han et al., 2001; Chen et al., 2006] . As one of the parameters of state, the salinity along with the temperature and the pressure, determines the seawater density. In this context, knowledge of SSS can be of great help in improving estimation of the salinity profiles in the upper ocean [Hansen and Thacker, 1999] .
[3] The SSS is a variable parameter because of its direct contact with atmospheric forcing, such as evaporation, precipitation, and winds. The SSS is also affected by river runoff and ice melt and freezing. However, the SSS is difficult to be monitored. The total observations of SSS in the world oceans are a couple of orders less than that of sea surface temperature (SST). The recent release of WOD2001 [Conkright et al., 2002; Stephens et al., 2002; Locarnini et al., 2002] , a combined data set of modern and historical salinity measurements from bottles, CTDs (ConductivityTemperature -Salinity), and OSD (Ocean-Station-Data) has greatly expanded the temporal and spatial distribution of the SSS observations. However, most SSS measurements in WOD2001 are concentrated in the North Sea and the coastal waters of northern Europe, the east and west coastal water of North America, and around Japan [Bingham et al., 2002; Conkright et al., 2002] . For other regions, systematical SSS observations are not available or sparely distributed, like the case of the ECS. Archived in another data source, JODC, the SSS observations in the ECS are mainly distributed in the Kuroshio region. The SSS data in the shallow waters of the ECS are not enough for characterizing the seasonal variability.
[4] Recently, Delcroix and Murtgudde [2002] studied the SSS changes in the ECS during 1997 -2001 based on the observations from a merchant ship ThermoSalinoGraph (TSG) network [Hénin and Grelet, 1996] , which has been operated since the early 1990s in the tropical Pacific, the ocean general circulation model (OGCM) simulations, and precipitation estimates. Chang and Isobe [2003] evaluated the freshwater transport of the Changjiang River discharge through the Tsushima/Korea Straits and the distribution of the CRDW using the Princeton Ocean Model (POM). Lie et al. [2003] studies the structure and variation of the extension of the CRDW in the ECS using the CTD surveys between the Changjiang River mouth and Cheju-do Island. Previous theoretical and numerical modeling studies of the ECS have been confined to the distribution and variation of the temperature and thermocline, and the circulation of the ECS [Zhao and Fang, 1991; Liu et al., 1992; Chen et al., 1994; Shen et al., 1998; Jacos et al., 2000; Guo et al., 2004] . The studies of the SSS variability were limited for lack of the data.
[5] During the period from 1997 to 2002, eight hydrographic cruises were carried out by Chinese oceanographers using R/Vs Xiangyanghong 9 and Haiyang 12 in the ECS. The temperature and salinity were measured with SeaBird CTD profilers. These observations were mainly carried out in the shallow water region of the ECS (as defined in section 2). Inclusion of these data improves the spatial distribution of SSS observations in the ECS significantly.
[6] As a complement to the previous studies, the seasonal variability of the SSS in the ECS is analyzed in this paper using the combination of the SSS data sets from the WOD2001, JODC, and the fresh cruise measurements conducted by China during 1997 China during -2002 . The paper is organized as follows. Section 2 gives a detailed description of the data sets used in this study. The seasonal variability of the SSS in the ECS is given in section 3. Summary and conclusions are given in section 4.
Observations and Data
[7] The SSS data sets used in this study are obtained from (1) WOD2001, (2) JODC, and (3) [8] The SSS in this study is defined as an average of salinity measured at a depth of 5 m or less. For those stations, at which the CTD, OSD, and the other in situ SSS observations were carried out simultaneously, the average of all measurements is used in the data quality control procedure.
[9] Combining these data sets, we have total 10,089 observations in the ECS during the period of 1990 -2002 as shown in Figure 1 Figure 3 shows the number of the historical SSS observations in each 0.25°square. In fact the data density defines the temporal and spatial resolutions of further analysis.
[10] The maximum observed SSS during the period from 1990 to 2002 is 35.33 practical salinity units (psu). The minimum is 13.56 psu observed near the Changjiang River mouth in August 1998, which corresponds to the 1998 South China floods. At total 13 stations, the SSS is lower than 20 psu, which were mainly observed in July 1992 and August 1998, respectively. Figure 4 shows the frequency histogram of the SSS in the ECS. One can see an obvious feature of the SSS distribution in this region, i.e., the distribution curve is strongly skewed toward low salinity by a relatively small number of low outliners. An indicator of the skewed nature of the distribution is the difference of the mean and median values. These values are 0.66 psu and 0.14 psu in the shallow water region and the Kuroshio region, respectively. The former is much larger than the contemplated accuracy of the satellite-based SSS platforms ($0.1 psu) [Lagerloef et al., 1995] and the latter is closer. This is mainly because the freshwater discharge of the Changjiang River and the high salinity Kuroshio water intruding into the continental shelf [Zheng and Huang, 1993; Lie et al., 1998 ] result in the significant difference of the SSS in the shallow water region. On the other hand, the effect of the CRDW on the SSS in the Kuroshio region are weak, the variation extent of the SSS is small.
[11] Figure 5 shows the stations where the SSS is lower than 30 psu. One can see that all stations are distributed near the Changjiang River mouth and have seasonal changes. In the summer months (June, July, and August) the stations are mainly distributed in the north of 29°N, even if the Changjiang River discharge reaches its peak value (see Table 1 ). On the contrary, in other seasons, although the Changjiang River discharge decreases, the SSS lower than 30 psu were observed along the Zhejiang coast, because the Changjiang River discharge flows southward with the Zhejiang Coastal Current.
Analysis Results

Monthly Mean SSS Distribution
[12] In order to determine the seasonal variability of the SSS in the ECS, the available SSS observations of each month were gridded onto 0.25°by 0.25°grid meshes by an objective interpolation scheme. Monthly mean SSS distribution charts are shown in Figure 6 . The charts derived from the high resolution (1/4 degree) temperature and salinity analyses data of the global oceans (hereafter WOA0.25 [Boyer et al., 2005] ) are also plotted for comparison. Because many in situ observations are not included in the WOD2001 database and the over-smoothed objective Figure 3 . Number of the historical SSS observations in each 0.25°square. Dots, <10 observations; circles, <100 observations; triangles, <300 observations; solid squares, > = 300 observations. Blank means no SSS observations available. analysis technique is used in the WOA0.25, one can see that our results give more detailed information on the SSS variations, especially in the shallow water region, even if the general trends are similar.
Annual Mean SSS Distribution
[13] The annual mean SSS distribution determined by averaging the monthly SSS distributions is shown in Figure 7a . The range of the annual mean SSS variation, which is defined as a difference of the maximum salinity minus the minimum salinity, is shown in Figure 7b , and the standard deviation of the SSS during the period from 1990 to 2002 is shown in Figure 7c . Annual mean E-P over the ECS is shown in Figure 8 . The E-P data is derived from the monthly mean climatologies of the surface marine atmosphere over the global oceans by da Silva et al. [1994] . The units for E-P fields are mm/3 hours corresponding to the interval between ships weather reports.
[14] From Figure 7a , one can see general patterns of SSS distribution in the ECS, i.e., the SSS progressively increases from the Changjiang River mouth toward the southeast ECS. The minimum SSS is distributed near the Changjiang River mouth and the maximum SSS in the Kuroshio region because of the effect of the CRDW. The annual mean SSS near the Changjiang River mouth is lower than 30 psu. The 32.5 psu isohaline extends to 126°E. In the region east of 126°E, the SSS increases significantly due to the impaction of the high salinity Kuroshio water and the increase in annual-mean E-P (Figure 8 ). Along the Zhejiang coast, the annual mean evaporation and precipitation are nearly balanced each other. Because the CRDW flows southward along the Zhejiang coast in spring, fall and winter, the salinity front is developed with the maximum SSS gradient 5 psu/100 km. To the northeast of the Taiwan Island, the 34 psu isohaline penetrates into the shallow water region, evidencing the Kuroshio intrusion.
[15] The range of the annual mean SSS variation distribution in Figure 7b shows that the maximum amplitude exceeds 8 psu. Meanwhile, the maximum standard deviation reaches over 4 psu (as shown in Figure 7c ). Figure 7b shows the maximum annual range located at the area 2°longitude away from the Changjiang River mouth. This is longer than the cases of the Bay of Bengal and the coastal oceans off the Amazon and Congo Rivers [Levitus, 1986] . The CRDW flows southward along the Zhejiang coast in spring, fall, and winter, but changes its direction to northeast in summer driven by the southerly wind. Therefore, the largest annual variation of the SSS does not locate at the Changjiang River mouth, but at the area where the CRDW changes its flowing directions.
[16] The range of the annual mean SSS variation in the Kuroshio area is lower than 0.5 psu, and the standard deviation is below 0.5 psu. To the northeast of the Taiwan Island, the range of the annual mean SSS variation is higher than 0.5 psu, but lower than 1 psu. This is an area where the Kuroshio intrudes into the shallow water region. Due to high salinity of the Kuroshio water, the variation of the SSS in this area is smaller than that in the other shallow water regions in the ECS.
Seasonal SSS Anomaly
[17] We define the difference of the seasonal mean SSS field minus annual mean SSS field as the seasonal SSS anomaly. The calculation results are shown in Figure 9 . Figure 9a shows the case in spring. One can see that there are two negative anomaly areas originating from the Changjiang River mouth, a southeastward tongue and a southward band along the coast. This separation of the river runoff is largely in geostrophic balance as addressed by the previous modeling studies [Oey and Mellor, 1993; Chao, 1998; Fong and Geyer, 2002] . The winds over the ECS become weak and transient in direction in spring, but the Changjiang River discharge increases significantly from winter to spring (see Table 1 ), therefore, a southeastward fresher tongue is developed and extends to the shelf break. Meanwhile, the coastal current and the abundant precipitation in south China in spring contribute to the negative anomaly along the Zhejiang coast.
[18] Furthermore, Figures 9b and 9d show almost inverse patterns in summer and winter. In summer, the SSS in 90% of the ECS are lower than the annual mean, while inverse in winter. This is mainly because of the seasonal variations of the Changjiang River discharge and the flowing direction change in CRDW driven by the surface winds. In summer, the Changjiang River discharge reaches 50,557 m 3 s
À1
, a maximum in a year, and the southerly winds prevail over the entire ECS. Thus, the CRDW extends eastward driven by the winds and decreases the SSS of the northern ECS. The case of the southern ECS south of 29°N is different. Over there only a few stations have SSS observations lower than 30 psu in summer as shown in Figure 5 . Therefore, it is likely that the excessive precipitation over evaporation as shown in Figure 10b and Table 1 is a primary cause for negative SSS anomaly. In winter, the Changjiang River discharge decreases to 14,006 m 3 s
, only 28% of that in summer, and the northerly winds prevail in the ECS. Thus, the CRDW is confined to a narrow band along the Zhejiang coast. Therefore, in 90% of the ECS the seasonal SSS anomaly becomes positive.
[19] It is of interest to see the case of the southwest ECS, other 10% of the sea area. Over there the seasonal SSS anomaly shows inverse patterns in summer and winter, but is opposite to other 90% of the sea. In summer the seasonal Computed by multiplying the total seasonal E-P over the ECS by the area of the ECS. Negative (positive) value means the ocean gains (losses) fresh water. Figure 6 . Monthly mean SSS distribution charts derived from the data set used in (left) this study and (right) the WOA0.25 database. The contour interval is 0.5 psu. For lack of observations in March, June, September, and December (as shown in Figure 2b ), the SSS distributions of these four months were obtained using the objective interpolation procedure for reference.
SSS anomaly takes positive values and in winter negative. This is because the SSS in that area is mainly controlled by the Taiwan Warm Current with the high salinity, which is stronger in summer and weaker in winter [Guo et al., 2004] .
[20] The case in fall is shown in Figure 9c . One can see that it is a transition season from summer to winter. Significant positive values of the seasonal SSS anomaly appear in the region of 31-32°N, 123-125°E (dark area in Figure 9c ). Note that the Changjiang River discharge in fall maintains at 31,520 m 3 s
, 38% lower than that in summer. This indicates that the increase in the SSS in this region is not induced by the decrease in the Changjiang River discharge. On the other hand, the prevailing southerly winds over the ECS change to northerly in September and strengthen in October. Driven by the northerly winds, the CRDW is displaced closer to the coast. The continental shelf water with the high salinity replaces the CRDW original position, so that the salinity increases outside the Changjiang River mouth.
[21] In order to understand the effect of E-P on the seasonal SSS variability, we examine the case of the southeast ECS. In the southeast ECS the SSS increases about 0.1-0.4 psu from summer to fall, but still below the annual mean. Meanwhile, Figures 10b and 10c show that the seasonal E-P anomaly over the southeast ECS increases from À0.30 to À0.40 m 3 s À1 (lower than the annual mean) in summer to 0.18 to 0.30 m 3 s À1 (higher than the annual mean) in fall (see Table 1 ). This increase, however, cannot change the trend that the SSS remains below the annual mean. An opposite case can be found in spring. Though the seasonal E-P anomaly decreases from 0.26 to 0.45 m 3 s À1 in winter to À0.18 to À0.32 m 3 s À1 in spring as shown in Figures 10a and 10d , the SSS still remains 0.2 psu higher than the annual mean. These facts imply that the E-P contribution to the seasonal SSS variability in the southeast ECS is not significant.
Summary and Conclusions
[22] Combining the historical database with recent in situ observations yields an expanded data set with improved temporal and spatial resolutions, and allows us to determine the effect of the CRDW and the surface winds on the seasonal variability of the SSS in the ECS. One of the important features of the SSS in the ECS is that the maximum variation occurs in the area where the CRDW changes its flow-direction from summer to fall, mainly driven by the surface winds from southerly in summer to northerly in fall. In summer the Changjiang River discharge reaching a peak value of 50,557 m 3 s À1 and the prevailing southerly winds contribute the lower SSS to the most ECS. In contrast, in winter the Changjiang River discharge staying at a trough value of 14,006 m 3 s
À1
, only 28% of the peak value, and the prevailing northerly winds allow the SSS to bounce back to a level higher than the annual mean. In spring, the CRDW develops mainly into two regions: the near-source bulge and a southward alongshore band. The alongshore band is tens of kilometers wide, while the bulge extends over hundreds of kilometers offshore. The analysis also identifies the out-of-phase seasonal variations between the SSS and the E-P in spring and fall, indicating that the effect of the E-P on the SSS in the ECS is secondary important.
